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Abstract 
The macroscopic dynamic network loading (DNL) model is the essential component to perform dynamic 
traffic assignment (DTA). The popular DNL models widely used in literature of DTA are Point-Queue 
(PQ) and Linear Travel Time (LTT) models because they fulfil of all the required desirable properties and 
require lesser computational cost. The Divided Linear Travel Time (DLT) model is presented as a variant 
model to overcome theoretical deficiencies found in PQ and LTT models. Literature of DTA focused on 
theoretical properties of these models; however, empirical validation of these models with real traffic data 
is scarce. This study prime objective is to validate PQ, LTT and DLT models with collected data in terms 
of inflow and outflow profiles from simultaneous recorded videos at both ends of the link under various 
conditions of link volume. The obtained results indicated that models are not able to replicate observed 
travel time profiles as Root Mean Square Error (RMSE) values are quite higher in almost all analysed 
cases. Investigation of properties such as FIFO and heterogeneity in transport modes using a fastest lane 
experiment indicated that model predictions are better when extent of these measures were lower. It 
implies that incorporation of these notions in future models are means to further progress in this direction.     
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1. Introduction 
Dynamic Network Loading (DNL) model is the basic component of Dynamic Traffic Assignment 
(DTA) through which time varying link travel times are determined. DNL model is also responsible for 
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propagation of traffic on the network links with respect to time [1]. Macroscopic DNL models are popular 
within analytical DTA formulations where goal is to solve traffic assignment problem which allows 
investigation of policies on aggregate terms (i.e. collective behavior of vehicles on road network) [2]. 
Mun [2] presented detailed review of macroscopic traffic performance models which are already in use in 
DTA formulations. It has been a known fact that macroscopic DNL models need to fulfill some desirable 
properties for obtaining appropriate outcomes from the DTA process. For example, property such as first-
in-first-out (FIFO) is termed as a requirement for appropriate DTA. Carey and McCartney [4] and 
Daganzo [5] investigated this property in detail and concluded that functions in which travel time is 
linearly dependent on link parameters such as vehicles on the link are able to follow FIFO. Additionally, 
the property such as causality, ruled out DNL models which are termed as outflow models (travel time is a 
function of outflow rate only). Nie and Zhang [3] reported computational efficiency of various 
macroscopic DNL models, and concluded that cell-transmission model require much larger time than the 
other models, which makes its use limited in cases where DTA is needed to perform on larger networks. 
The literature of macroscopic DTA is limited to experimental application of DTNL models on some real 
and hypothetical networks; however, there are scarce attempts are made regarding validation of these 
DNL models through real traffic data.   
The efficient macroscopic DNL models reported in the literature and widely used in DTA according to 
Mun [2] are: Linear travel time model (LTT), Point-queue (PQ) model and Divided linear travel time 
(DLT) model. These models able to fulfill all desirable properties such as: FIFO, causality, flow 
propagation, flow conservation, reasonable outflow behavior, positivity, existence, uniqueness and 
computing efficiency. However, their behavior with real data has not been examined to date. Literature 
reported some inconsistencies in practical aspects of these models such as LTT model overestimate travel 
time when link is not in a congested state and PQ model underestimate travel time when inflow is 
approaching capacity of the link. DLT model was developed to overcome these inconsistencies; however, 
it is not sure to what extent DLT has been successful in this. This suggested that an empirical validation is 
necessary to ascertain the amount of inconsistencies present in these models. The aim of this paper is to 
empirically validate LTT, PQ and DLT models by collecting data on selected segments of major arterials 
of Karachi. The remainder of the paper is organized as follows: next section describes theoretical 
properties and mathematical construct of the considered models, third section describes details of the data 
collection process, fourth section discusses obtained results and finally conclusions are drawn.       
2. Considered DNL Models 
This section presents mathematical construct of the considered DNL models for this study. The 
mathematical construct provides good idea about the theoretical notions through which the model has 
been developed.  We first start with the PQ model. 
Vickery [6] theoretically presented the idea of the bottleneck in the traffic flow, and later Merchant 
and Nemhauser [7] presented the mathematical foundation of PQ model. It is the most widely used model 
in DTA literature because of its simplicity. In this model vehicles that enter a link at time t are allowed to 
traverse it with free-flow travel time  if there is no queue on the link downstream at time t and if the 
inflow rate at time t  does not exceed capacity. If the inflow rate exceeds capacity, a queue forms at the 
end of the link, but it does so vertically without occupying any space on the link. According to this model 
outflow can be expressed mathematically as follows: 
 
otherwiseC
Ctetzte
to
and0
       (1) 
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where, te  is the inflow rate at time t ; and tz  is the number of vehicles in the queue at time t, 
C is the capacity of bottleneck (exit capacity of the link in this case); and  is the free flow travel time. 
The rate of change of the queue at the end of the link is given as 
 
otherwiseCte
Ctetz
dt
tzd and00
                        (2) 
and vehicles that enter a link at time t have travel time tR given by: 
C
tztR                             (3) 
This model does not describe the network behaviour properly and travel time is clearly underestimated 
in the situation where the link is busy but not overloaded. This involves a major simplification of reality, 
because it has been experienced that usually increasing congestion will cause increasing travel times 
before full capacity of link is reached.   
The second model considered is known as LT model. This is originally proposed by Friesz et al [8] for 
use in DTA. In this model the travel time tR  for vehicles that entered the link at time t is estimated as a 
linear function of the number of vehicles on the link at that time. The model is given by 
 
C
txtR                            (4) 
where,  and C are represent free-flow travel time and out-flow capacity of the link respectively. Traffic 
on the link tx  is calculated using the flow conservation and flow propagation functions described in the 
equations (5) and (6) respectively.  
 
txtOtE                (5) 
ttote                 (6) 
where, tE and tO are accumulated inflow and accumulated outflow at times t in (5). te is the inflow 
rate at time t, to  is the outflow rate at an exit time t  and t is the rate of change exit time 
which is responsible for variation in the outflow rate compared to inflow rate. Some of the drawbacks are 
also pointed out within the model as it tends to overestimate travel time because all vehicles downstream 
are considered in the estimation of travel time because of incorporation of tx  in (4). This has been 
termed as a double-counting effect in the literature [2,3]. 
According to Mun [11] who presented the third considered model (i.e. DLT model), the link is 
divided into two parts, one is the area where traffic can propagate with free-flow speed and the other is 
the one where the linear travel time model is applied. He suggested that in the second part of the link, the 
free flow travel time is equivalent to length of the analysis time interval. This can be better understood 
from Fig.1 
 
First Part 
11 tR  
Second Part 
C
tx
tR 1222  
te1                      teto 21                                   to2          
Fig. 1. Schematic Representation of DLT model in terms of travel times at two different parts of the link 
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where,  1  and 2  (i.e. 21 ) are the free flow travel time of the first and second part of the link 
respectively, 12 tx  is the amount of traffic on the second part of the link and t  is the length of 
analysis time interval (discretized time step, e.g. 1 min or 0.5 min). Accordingly, the total link travel time 
is then, 
C
txtRtRtR 1221                             (7) 
For the determination of number of vehicles and outflow, this model also utilizes flow conservation 
and propagation equations (5) and (6) for the second part of the link. The model able to address the 
overestimation problem of the linear travel time model in uncongested condition to an extent by using 
only that proportion of traffic on the link for measuring queuing delay which exists in the second part of 
the link. Numerically implementation of the considered models in this study required discretized solution 
methods (algorithms). For LTT and PQ model the solution methods proposed by Nie and Zhang [3, 9] are 
used, and for DLT model, the solution method for LTT model is modified according to the model 
illustration given in [10]. Next section explains the data collection process followed to fulfill objective of 
this study.  
3. Experiment Design  
This section presents the overall methodological framework of the study. The essential methodological 
aspects of this study are the selection of appropriate sites and method used to collect data for different 
parameters. This is explained in the following sub-sections. 
3.1. Site Selection 
The literature suggests that the ideal condition for application of these models is the road links which 
are representing bridge or an overpass (i.e. the link which may conserve all the theoretical properties of 
the model), however, it is hard to find location where bridge length is significant enough to have 
reasonable value of average travel time (such as around 2 minutes). This is necessary because links 
having lower value of travel time would not provide good idea of different manoeuvring behaviour of 
motorists. In addition to this, existing network model (for static traffic assignment) that has been built for 
Karachi has arterial link lengths varying from 1 to 1.5 km [11]. So, the same definition of link length has 
been followed in this study. Another aspect of site selection is dependent on the methodology followed 
for data collection. For validation of DNL models required information should be in the form of inflow 
and outflow rates from the link, and therefore both ends of the link are required to monitor 
simultaneously. To meet this requirement, video camera based data was collected in this study. Video 
cameras were positioned in such a manner that full view of traffic stream can be easily observed at link 
entrance and exit. This was done through selecting those arterial links which are provided with pair of 
pedestrian bridges. These pedestrian bridges were used to mount video cameras. This setup also offer an 
advantage that area of interests (i.e. link entrance line and link exit line) are appropriately located to 
provide free-flow travel time in integral multiple of 10 seconds. Some other criteria which were followed 
during selection of links are as follows: 
 The road stretch that represents the link should be a segment fulfilling the length criteria and that 
section should have no or little influence of other approaches of intersection present at upstream and 
downstream of the road segment other than determination of inflow and outflow profiles for the link.  
 
elements of side friction (i.e. encroachment, bus stops, pedestrian crossings etc), which may cause 
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hindrance to through traffic. Furthermore, link should maintain uniform geometric conditions. This is 
necessary to avoid of effect of these issues on travel time of vehicles running in a traffic stream. 
Based on the above guidelines a preliminary survey (in the form of visiting various urban arterials 
within Karachi) was conducted to identify suitable locations. In total, 9 such locations were identified for 
collection of detailed data. 
3.2. Observed and Collected Data  
The site selection process mentioned above has provided much insight into the scope of the designed 
experiment i.e. variation in travel time due to geometric conditions, side friction or any other external 
factors are avoided in this study. The focus therefore remains on vital issues which are representing 
premise of DNL models such as: flow condition (peak and off-peak volume condition), degree of FIFO 
violation, flow conservation aspect and degree of heterogeneity of transport modes in the traffic stream.  
Table 1 explains the details of the processing mechanism of the recorded video data to obtain variety of 
different information on the above listed aspects.  
Table 1. Illustration of obtaining variety of information required for empirical validation of DNL models 
Data Item Description  
Inflow and 
Outflow Profiles 
Collected through video cameras mounted on pair of pedestrian bridges, videos recorded simultaneously during 
peak and off-peak hours at 9 locations. Inflow and outflow profiles are processed in time step of 10 seconds. 
Videos were collected for 2 hours in each peak and off-peak conditions for every location. Determination of 
peak and off-peak hours are made from the volume data collected previously [11] at each location.  
Time varying 
travel times  
Collected on all locations through simultaneous processing of videos for sampled vehicles. Vehicles distinct 
identity was noted on both ends videos to ascertain travel time under different conditions of volume and at 
different clock times.    
Capacity Capacity of the selected links are ascertained using pervious modeling study [11] for the Karachi city. Capacity 
estimates in that study are based on Highway Capacity Manual (HCM) methodology for urban multilane 
highways. 
Flow 
conservation 
extent 
Flow conservation extents are estimated using cumulative inflow and outflows values for different time 
segments  
Degree of FIFO 
violation 
This is estimated by processing the video data in a manner in which entry and exit times are noted for 
considerable samples of two distinct vehicles entered in the link in consecutive time steps.   
Transport mode 
heterogeneity 
This is estimated by processing the video data  by determining flow of different vehicle types (i.e. classified 
counts) at link entrance and exit. 7 different classes of traffic are used to distinguished vehicles, these are listed 
as Car, Motorcycle, Auto-Rickshaw (three wheelers), Large buses, Minibuses, Light freight vehicles and heavy 
freight vehicles (trucks etc).    
4. Results and Discussion  
This section is organized in a manner that firstly inflow profiles (inflow to the link with respect to 
time) observed at peak and off peak conditions from various locations are discussed. Secondly, models 
behavior is examined for different values of degree of FIFO violation and transport mode heterogeneity. 
4.1. Testing DNL models for different volume conditions 
Average volume to capacity (v/c) ratio of 0.6 is used as a boundary line to distinguish between peak 
and off-peak conditions. Observed inflow profiles are presented in Fig. 2. Six inflow profiles are selected 
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in total, three are presenting peak and reminder are presenting off-peak conditions. Other inflow profiles 
are not selected from locations as they were found almost replica of one of the considered inflow profile.  
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2. Considered Inflow Profiles (a) Peak condition (b) Off-Peak condition  
 
 
 
 
 
 
 
 
Fig. 3.Travel time profiles for Inflow Profiles obtained from considered DNL models 
Table 2. Parameters for model simulation and obtained results for different Inflow Profiles 
Parameters P1 P2 P3 Off-P1 Off-P2 Off-P3 
v/c ratio 0.96 0.95 0.81 0.6 0.5 0.53 
Capacity (veh/10 sec) 26 26 42 26 26 42  
Free Flow Travel Time (sec) 60 60 50 60 60 50 
Flow Conservation extent (% difference between 
cumulative inflow and outflow) 
0.7 4.4 1.7 -10.9 9.9 4.5 
Root Mean Square Error (RMSE) for modeled travel time and real travel time 
PQ Model 57.7 41.7 37.7 16.9 17.4 22.0 
LT Model 40.5 40.9 28.3 31.5 23.1 14.6 
DLT Model 28.1 20.7 20.7 9.4 10.2 13.6 
Fig. 3 presents the results in terms of travel time profiles obtained from the models against the 
considered inflow profiles. In addition to this, it also present observed travel time for sample of vehicles 
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running in a same traffic stream. Results presented in Fig. 3 are not representing first 30 time steps (i.e. 
first 5 minutes) to avoid burning period of the models while making conclusions. Table 2 provides the 
model simulation parameters based on the observed values such as free-flow travel time, capacity and v/c 
ratio. Flow conservation is also measured and the values suggest that this parameter is not affecting 
observed travel time. Travel time obtained from the PQ model follows almost straight line at free flow 
travel time, as inflows during the peak condition have exceed capacity limit only on few occasions. LT 
and DLT model are providing plausible results in terms of their theoretical notions. Fig. 3 indicates that 
out of the three considered model, none of them producing travel time profiles significantly close to the 
observed travel times. The obtained results are emphasizing the fact that use of the considered models in 
DTA studies may lead to misleading conclusions. Therefore, it is required to progress further in this 
regard to develop DNL model that can provide results coherent with real traffic data.       
4.2. Analysis for FIFO and Transport Mode Heterogeneity  
The difference between the travel time profiles obtained from the models and observed data is due to 
many reasons. For example, degree of FIFO violation, presence of various types of vehicles in the traffic 
l impacts. 
To measure the impact of issues such as degree of FIFO violation and transport mode heterogeneity, 
inflow, outflow and travel time profiles are observed for the fastest traffic lane (i.e. lane adjacent to the 
median) and the models are simulated again for these inflow profiles to make comparison. It has been 
observed that in this lane faster vehicles such as car are usually travelling, and therefore in this lane effect 
of traffic heterogeneity are almost absent. Same can be true for the degree of FIFO violation, as there are 
lesser chances of overtaking under volume conditions which were analyzed above. Table 3 presents 
summary of the obtained results. FIFO violation is measured as indicated in table 1. Modal heterogeneity 
is measured as ratio of car with overall volume of vehicles. Table 3 shows better prediction of travel time 
when fastest lane is used in the analysis as RMSE values are significantly lower. In addition to this, 
models tend to predict better in off-peak conditions. In peak conditions, as the volume gets increase 
models tend to give higher weightage to their theoretical notions. The analysis implies that both FIFO 
violation and model heterogeneity has contributed significantly and is the main reason of higher RMSE 
values in table 2.       
  Table 3. Observed data and obtained results for different Inflow Profiles in the fastest lane 
Parameters P1 P2 P3 Off-P1 Off-P2 Off-P3 
Degree of FIFO violation 
(%) 
All lanes  
Fastest lane  
16.6 
6.67 
20 
10 
13.3 
3.33 
26.6 
10 
0.30 
6.67 
26.67 
10 
 
Transport Mode 
Heterogeneity (ratio) 
All lanes 
Fastest lane  
0.47 
0.81 
0.31 
0.79 
0.48 
0.89 
0.42 
0.77 
0.34 
0.76 
0.46 
0.80 
Root Mean Square Error (RMSE) for modeled travel time and real travel time (fastest lane experiment) 
 PQ Model 45.3 32.1 26.2 13.4 9.4 12.0 
 LT Model 21.5 23.9 12.3 11.5 11.7 9.4 
 DLT Model 15.6 9.1 8.7 6.4 5.2 4.6 
5. Conclusions 
This study focuses on empirical validation of macroscopic analytical DNL models which are actually 
developed on sound theoretical properties and having the capability of solving large networks with lesser 
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computational efforts. The data required for empirical validation was collected from major arterials of 
Karachi, which are satisfying the strict criteria for their selection (i.e. avoidance of external factors that 
may affect travel time of vehicles). Video camera based data was collected at both end of each selected 
link to measure various parameters such as inflow, outflow, travel time of sampled vehicles, degree of 
FIFO violation, extent of flow conservation and traffic mode heterogeneity. Other parameters for model 
simulation such as free-flow travel time and capacity of the links are taken from previous modeling 
studies. Empirical validation was devised for two volume conditions; results obtained from comparison of 
the modeled and observed data indicated that in general model predictions of travel time profiles are not 
coherent with observed travel times. This implies that there is a requirement for further progress in this 
direction. Detailed investigation of discrepancy in travel time profiles indicated that FIFO violation and 
heterogeneous vehicle types have contributed significantly in this regard. It is therefore necessary that 
ways need to be find out in future to incorporate both these issues in DNL models. 
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